In Enterococcus faecalis, production of guanosine tetraphosphate/guanosine pentaphosphate [(p)ppGpp], the effector molecule of the stringent response, is controlled by the bifunctional synthetase/hydrolase RelA and the monofunctional synthetase RelQ. Previously, the (p)ppGpp profiles of strains lacking relA, relQ or both genes indicated that RelA is the primary enzyme responsible for (p)ppGpp synthesis under stress conditions, while the contributions of RelQ to the stringent response and cell homeostasis remained elusive. Here, survival within the mouse-derived macrophage cell line J774A.1 and killing of Galleria mellonella supported initial evidence that virulence was attenuated in the (p)ppGpp 0 DrelADrelQ strain but not in the DrelA or DrelQ strains. We performed, for the first time to our knowledge, global transcriptome analysis in a documented (p)ppGpp 0 Gram-positive bacterium and provided the first insights into the role of a Gram-positive monofunctional (p)ppGpp synthetase in transcriptional regulation. Transcription profiling after mupirocin treatment confirmed that RelA is the major enzyme responsible for the (p)ppGppmediated transcriptional repression of genes associated with macromolecular biosynthesis, but also revealed that RelQ is required for full and timely stringent response induction. The delayed transcriptional response of DrelQ could not be correlated with reduced or slower production of (p)ppGpp, in part because RelA-dependent (p)ppGpp accumulation occurred very rapidly. Comparisons of the transcriptional responses of DrelA or DrelADrelQ strains with the parent strain under starvation conditions revealed upregulation of operons involved in energy metabolism in the (p)ppGpp 0 strain. Thus, while DrelA and DrelADrelQ cannot use (p)ppGpp to sense and respond to stresses, fitness of DrelADrelQ may be further impaired due to an unbalanced metabolism.
INTRODUCTION
While often considered a second-rate pathogen, the Grampositive bacterium Enterococcus faecalis ranks among the leading causes of complicated nosocomial infections (Arias & Murray, 2012; Boucher et al., 2009) . A major trait associated with the virulence of this organism is its ability to survive under conditions inhospitable to most bacteria. For example, Ent. faecalis is inherently resistant to commonly used antibiotics and is also known for its capacity to rapidly acquire and disseminate determinants of antimicrobial resistance (Arias & Murray, 2012) . In addition to antibiotic tolerance, Ent. faecalis is a hardy and versatile organism able to grow at a wide range of temperatures (10 to .45 u C) and pHs (4.6-9.6), at high salt concentrations, and at high concentrations of detergents, ethanol and reactive oxygen species, and it is able to survive for prolonged periods in the complete absence of nutrients (Hartke et al., 1998; Murray, 1990) .
The stringent response is a global stress response mechanism controlling broad metabolic alterations necessary for bacterial adaptation to adverse conditions (Potrykus & Cashel, 2008) . This response is mediated by the accumulation of two modified guanine nucleotides, guanosine tetraphosphate (ppGpp) and guanosine pentaphosphate (pppGpp), collectively known as (p)ppGpp. In Escherichia coli, (p)ppGpp is synthesized by the strong (p)ppGpp synthetase RelA and the bifunctional SpoT, which exerts weak synthetase and strong hydrolase activities (Potrykus & Cashel, 2008) . In Grampositive bacteria, the bifunctional RelA (also known as Rsh for Rel Spo homologue) is a strong (p)ppGpp synthetase, like the E. coli RelA, that also has (p)ppGpp-hydrolase activity characteristic of SpoT (Mechold et al., 1996 (Mechold et al., , 2002 . In addition to RelA, the genomes of Gram-positive bacteria encode one or two monofunctional (p)ppGpp synthetases (Abranches et al., 2009; Battesti & Bouveret, 2009; Lemos et al., 2007; Nanamiya et al., 2008; Yan et al., 2009) . Unlike the bifunctional RelA, the contributions of these Grampositive monofunctional enzymes to cell homeostasis remain poorly understood.
The accumulation of (p)ppGpp induces large-scale transcriptional alterations that shift cellular resources toward adaptation to a non-growth state. In E. coli, the classic transcriptional response to (p)ppGpp accumulation is a strong repression of stable RNAs, such as rRNA, along with genes encoding proteins that belong to the transcriptional and DNA replication machineries Durfee et al., 2008; Traxler et al., 2008) . Concurrently, there is increased transcription of genes necessary for adaptation to unfavourable growth conditions, including amino acid biosynthesis, alternate carbon transport and utilization, alternate sigma factors and general stress response pathways (Durfee et al., 2008; Traxler et al., 2008) . In the Grampositive model organism Bacillus subtilis, a similar pattern of (p)ppGpp-dependent control has been observed at both the transcriptional and translational levels (Eymann et al., 2002) .
Previous studies identified and characterized the two enzymes responsible for the production of (p)ppGpp in Ent. faecalis, the bifunctional RelA and the monofunctional synthetase RelQ (Abranches et al., 2009) . The (p)ppGpp profile of DrelA, DrelQ and double DrelADrelQ strains revealed that the rapid accumulation of (p)ppGpp during stress conditions was entirely dependent on the RelA enzyme. Physiological characterization of the Drel strains linked elevated background (p)ppGpp levels during unstressed growth, characteristic of DrelA, to enhanced tolerance toward antibiotics that inhibit cell wall synthesis and to a reduced ability to grow under several physiologically relevant stress conditions (Abranches et al., 2009) . Around the same time, Yan and colleagues showed that complete or partial deletion of the relA gene in Ent. faecalis V583 resulted in multiple stress-sensitive phenotypes (Yan et al., 2009) . Complete lack of (p)ppGpp, as seen in a double DrelADrelQ strain, alleviated most of the stress-related phenotypes of DrelA but led to overall decreased antibiotic tolerance and attenuated virulence in the Caenorhabditis elegans model (Abranches et al., 2009) .
To assess the scope of (p)ppGpp regulation in Ent. faecalis, we used microarrays to analyse the global responses of the wild-type strain OG1RF and its respective Drel mutants (DrelA, DrelQ and DrelADrelQ) to mupirocin. To our knowledge, this is the first time gene expression profiling has been performed on a documented (p)ppGpp 0 Grampositive bacterium.
METHODS
Bacterial strains and growth conditions. Ent. faecalis OG1RF and its derivatives JAL1 (DrelA), JAL2 (DrelQ) and JAL3 (DrelADrelQ) strains have been previously described (Abranches et al., 2009) . For macrophage survival and killing of Galleria mellonella experiments, cells were grown overnight in brain heart infusion (BHI) medium. For microarray analysis, cells were grown at 37 uC in the chemically defined medium FMC containing 10 mM glucose (FMCG). The FMC medium was originally developed to support the growth of oral streptococci and contains all amino acids, eight different vitamins, three nucleobases (adenine, guanine and uracil) and salts (Terleckyj et al., 1975) . All strains were allowed to grow in FMCG to OD 600 0.3 and the cultures divided into two aliquots. To one aliquot, 50 mg mupirocin ml 21 was added and the cells were incubated at 37 uC for 15 and 30 min (mupirocin-treated cells), while the other aliquot was collected by centrifugation and immediately frozen (control cells).
Ent. faecalis-macrophage co-culture. The murine macrophage cell line J774.A1 (ATCC) was grown to confluence in Dulbecco's modied Eagle's medium (DMEM) supplemented with GlutaMAX, 10 % fetal bovine serum, 50 U penicillin G ml 21 and 50 mg streptomycin ml 21 at 37 uC under a 5 % CO 2 atmosphere. The J774A.1 cells were seeded onto 24-well tissue culture plates at a density of 5610 5 macrophages per well 24 h prior to use. Overnight cultures of Ent. faecalis OG1RF and Drel strains were resuspended in Hank's Buffered Salt Solution (HBSS) and diluted to 5610 7 c.f.u. ml 21 in supplemented DMEM lacking antibiotics. To the macrophage monolayers, 1 ml diluted culture was added, yielding an approximate m.o.i. of 100 : 1. Bacteria-to-macrophage contact was induced by centrifugation at 500 g for 5 min followed by further incubation for 25 min. Extracellular bacteria were killed by the addition of 300 mg gentamicin ml 21 and 50 mg penicillin G ml 21 followed by a 1.5 h incubation. Macrophage cells were lysed in deionized water, serially diluted and plated on trypticase soy agar (TSA) for enumeration of viable internalized bacterial cells.
G. mellonella infection. For the G. mellonella killing assays, insects in the final larval stage were purchased from Vanderhorst. Groups of 20 larvae, ranging from 200 to 300 mg in weight, were randomly chosen and used for subsequent infection. A Hamilton syringe was used to inject 5 ml aliquots of bacterial inoculum (5610 5 c.f.u.) into the haemocoel of each larva via the last left proleg. Groups injected with heat-inactivated Ent. faecalis (20 min at 75 uC) were used as a control. After injection, larvae were kept at 37 uC, and survival was recorded at selected intervals. Kaplan-Meier killing curves were plotted and estimation of differences in survival compared by using the Mantel-Cox log-rank test. All data were analysed with GraphPad Prism 4.0 software. Experiments were performed independently three times with similar results.
RNA extraction. To isolate RNA from Ent. faecalis, cells were harvested by centrifugation at 4 uC and then treated with RNAprotect reagent (Qiagen). Total RNA was isolated from homogenized Ent. faecalis cells by the hot acid-phenol method as described previously (Abranches et al., 2006) . RNA pellets were resuspended in nucleasefree H 2 O and treated with DNase I (Ambion) at 37 uC for 30 min, and RNA concentrations were determined using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific). The RNA was purified again using the RNeasy Mini kit (Qiagen), including a second on-column DNase treatment that was performed as recommended by the supplier.
Microarray experiments. Transcriptome analysis was performed using the Ent. faecalis microarrays provided by the J. Craig Venter Institute Pathogen Functional Genomics Resource Center (PFGRC) (http://pfgrc.jcvi.org/index.php/microarray). The microarray slides consist of 6600 70-mer DNA probes encompassing all unique ORFs from seven sequenced Ent. faecalis strains, OG1RF, ATCC 29200, TUSoD Ef11, HH22, TX0104, TX1322 and V583, including its three IP: 54.70.40.11
On: Wed, 27 Feb 2019 20:03:37 plasmids, printed in duplicate. Additional details regarding the arrays can be found at http://pfgrc.jcvi.org/index.php/microarray/array_ description/enterococcus_faecalis/version1.html. Given that the Ent. faecalis V583 genome annotation (Paulsen et al., 2003) has been widely used in the literature, we adopted the V583 gene designation throughout the text and tables. However, differentially expressed genes present in the OG1RF genome but absent in V583 are presented with the original OG1RF designation (Bourgogne et al., 2008) .
A reference RNA prepared from a large-scale culture of Ent. faecalis OG1RF cells that had been grown in BHI broth to OD 600 0.5 was used in every experiment. A description of the advantages of using a reference RNA in microarray studies is presented elsewhere (Shi et al., 2006) . Four individual cDNA samples originating from four independent cultures of each strain grown under control (FMCG) and experimental conditions (FMCG containing mupirocin) were hybridized to the arrays along with reference cDNA. Test cDNA was coupled with Cy3-dUTP, while reference cDNA was coupled with Cy5-dUTP (Amersham Biosciences). The slides were hybridized to a mixture containing equal amounts of test and reference cDNA for 16 h at 42 uC in a MicroArray User Interface (MAUI) hybridization chamber (BioMicro Systems). Hybridized slides were washed and scanned using a GenePix scanner (Axon Instruments). Data were analysed using software available at the J. Craig Venter Institute PFGRC website. Single-channel images of the slides were loaded into Spotfinder and overlaid. MIDAS software was used to normalize the spot intensity data using locally weighted scatterplot smoothing (LOWESS) and iterative log mean centring with default setting, followed by in-slide replicate analysis. Statistical analysis was carried out with Biometric Research Branch (BRB) array tools (http://linus. nci.nih.gov/BRB-ArrayTools.html) with a cut-off P value of 0.001. Additional details regarding array protocols are available at http:// pfgrc.jcvi.org/index.php/microarray/protocols.html.
Real-time quantitative PCR. A subset of genes (Table 1) was selected to validate the microarray analysis by real-time quantitative RT-PCR (qRT-PCR). Reverse transcription and real-time RT-PCR were carried out according to protocols described previously (Abranches et al., 2006) . Student's t test was performed to verify the significance of the real-time PCR quantifications.
Detection of (p)ppGpp accumulation patterns. For (p)ppGpp measurements, cells were grown in FMCG as previously described (Abranches et al., 2009) . Exponentially grown cultures (OD 600~0 .15) were pre-labelled with 50 mCi (1.85 MBq) carrier-free [ 32 P]orthophosphate (Amersham Biosciences) for one generation, followed by the addition of different concentrations of mupirocin (ranging from 0.05 to 50 mg ml 21 ) to experimental aliquots. The control sample consisted of an aliquot that was not treated with mupirocin, but was labelled with 32 P for the duration of the experiment. Nucleotide pools were extracted by adding an equal volume of 13 M formic acid, followed by two freeze-thaw cycles. Acid extracts were centrifuged briefly, and the supernatant fluids were spotted onto polyethyleneimine-cellulose plates (Selecto Scientific) for separation by TLC in 1.5 M KH 2 PO 4 (pH 3.4). Table 1 . qRT-PCR primers used to validate the microarray results
Primer
Sequence (5 §A3 §) Locus Gene symbol 
RESULTS
In vitro macrophage survival and killing of G. mellonella further confirm the attenuated virulence of the DrelADrelQ strain
Previously, we showed that the virulence of the double mutant DrelADrelQ, but not DrelA or DrelQ, was attenuated in the C. elegans model (Abranches et al., 2009) . However, C. elegans lacks cell-mediated immunity and requires suboptimal growth temperatures for modelling human infection.
Here, we used an in vitro macrophage survival assay and the G. mellonella infection model to bolster our previous observation in two models that more closely resemble mammalian infections. In co-culture with the mouse-derived macrophage J774A.1 cell line, the wild-type OG1RF, DrelA and DrelQ strains showed minimal death during the course of the experiment (72 h), whereas the DrelADrelQ strain showed significant loss of cell viability compared with OG1RF (P50.042) after the first 24 h (Fig. 1a ). No differences were observed in the c.f.u. counts for each strain 2 h post-infection, showing that all strains were internalized equally well. Killing of the larvae of G. mellonella has been routinely used as a model to assess Ent. faecalis virulence (de Oliveira et al., 2011; Lebreton et al., 2009; Yan et al., 2009; Zhao et al., 2010) . As previously seen using the C. elegans model (Abranches et al., 2009 ), virulence of DrelADrelQ, but not of the DrelA and DrelQ strains, was significantly (P50.0039) attenuated in G. mellonella (Fig. 1b) .
Mupirocin treatment triggers a classic stringent response in a (p)ppGpp-dependent manner
Microarrays were used to obtain the transcriptional profile of OG1RF and Drel strains before and after mupirocin treatment. Although the DrelA strain grew slightly slower than the parent strain prior to mupirocin treatment, all strains showed modest but similar increases in OD 600 after the addition of mupirocin. As a result, all strains were at nearly identical growth phases at the 15 and 30 min sampling points (data not shown). Using a twofold cut-off at an assigned P value of ¡0.001 to verify changes in the transcriptome of mupirocin-treated cultures, a large number of genes were found to be differentially expressed at the two time points evaluated (see Table S1 available with the online version of this paper). In the wild-type strain, 206 and 581 genes were differentially expressed after 15 and 30 min of mupirocin treatment, respectively. . The curves shown are means±SDs of the results from two independent experiments (n56). A Student's t test indicated that the differences observed between DrelADrelQ and the other three strains at 72 h were statistically significant (P50.042). (b) Kaplan-Meier plots of larvae that received injections of Ent. faecalis OG1RF and its Drel derivatives. The experiments were repeated three times, and the results are representative of a typical experiment. Compared with the wild-type strain, DrelADrelQ showed attenuated virulence (P50.0039).
Enterococcus faecalis (p)ppGpp
The analysis of the genes differentially expressed after mupirocin treatment in the two RelA-positive strains (OG1RF and DrelQ) showed a strong repression of genes associated with the translation apparatus, RNA synthesis and DNA replication, a hallmark of the stringent response ( Fig. 3 , Tables S2 and S3 ). Specifically, mupirocin treatment resulted in global repression of genes encoding several ribosomal proteins and translation factors in the OG1RF and DrelQ strains; very few genes involved in macromolecular biosynthesis were repressed in the mupirocin treated DrelA and DrelADrelQ strains (see Table S1 ). A closer analysis of the genes coding for ribosomal proteins was strongly suggestive of a delayed stringent response induction in the DrelQ strain (Fig. 3) . For example, at the 15 min time point, 18 genes encoding ribosomal proteins were repressed in OG1RF, whereas only three genes were repressed in DrelQ. At 30 min, the number of repressed ribosomal protein genes increased to 45 in the parent strain and 32 in DrelQ, suggesting that RelQ is necessary for a rapid and fully efficient repression of genes encoding ribosomal proteins. In addition to genes associated with the translational apparatus, expression of a number of genes involved in DNA replication (dnaI, parE, polC, topA and topB-1), RNA synthesis and modification (nusA, rpoA, rnhB, trmB and trmE), and menaquinone biosynthesis, were significantly repressed in OG1RF and DrelQ strains. In all cases, a delayed response was observed in DrelQ and a complete lack of stringent control was observed in the DrelA and DrelADrelQ strains.
A subset of the genes (n514) identified in the microarrays was validated by qRT-PCR, and the results were highly consistent with the expression trends observed in the microarrays (Table 2) .
Time-course analysis of (p)ppGpp levels after mupirocin treatment reveals that the RelAdependent accumulation of (p)ppGpp occurs in less than one minute
The delayed transcriptional repression of genes involved in macromolecular biosynthesis and replication in the DrelQ strain during the initial 15 min of mupirocin treatment strongly suggested that the (p)ppGpp synthetase activity of RelQ is required for full and timely stringent response induction. In a previous study, we assessed (p)ppGpp accumulation in the parent OG1RF and Drel strains in as little as 15 min after mupirocin addition and observed no obvious differences in (p)ppGpp levels between the parent and DrelQ strains for up to 90 min post induction (Abranches et al., 2009) . Here, we asked whether the delayed stringent response of DrelQ could be correlated with reduced (p)ppGpp production during the initial minutes of mupirocin challenge. Initially, we measured (p)ppGpp accumulation in OG1RF and DrelQ strains every minute during the first 5 min after mupirocin addition Comparisons of OG1RF, DrelA and DrelADrelQ strains. All genes were subjected to a twofold differential expression cut-off at P¡0.001.
DNA replicaƟon
TranslaƟon-associated (50 mg ml 21 ). We were also able to consistently assess (p)ppGpp accumulation in cells exposed to mupirocin for as little as 30 s, but shorter incubation periods were not feasible due to the minimum required time for sample processing.
Remarkably, we found that (p)ppGpp production was almost instantaneous in both strains, an indication that the RelA enzyme is primed for synthesis and that (p)ppGpp begins to accumulate in less than one minute (Fig. 4) . We next tested reduced concentrations of mupirocin (ranging from 10 to as low as 0.05 mg ml 21 ) in an attempt to slow down (p)ppGpp production. Despite being able to delay (p)ppGpp accumulation with a reduced dose of mupirocin (5 mg ml 21 ), again we did not observe obvious differences in (p)ppGpp levels between OG1RF and DrelQ (data not shown). Therefore, by our methods of detection, the delayed transcriptional response of DrelQ could not be correlated with reduced or slower production of (p)ppGpp.
Expression of genes responsible for guanine nucleotide pools is affected by (p)ppGpp levels
Based on the (p)ppGpp profiles of OG1RF and Drel mutants (Abranches et al., 2009) , two distinct types of (p)ppGpp accumulation pattern emerged following mupirocin treatment. The parent and DrelQ strains accumulated high levels of (p)ppGpp, a pattern that was completely absent in the DrelA and DrelADrelQ strains (Abranches et al., 2009) . Considering these two patterns, a small subset of genes was identified as showing opposite (p)ppGpp-dependent responses (e.g. activated in OG1RF and DrelQ and repressed in DrelA and DrelADrelQ, or vice-versa). Of particular interest, genes responsible for controlling guanine nucleotide pools, guaD and guaC, were repressed in OG1RF and DrelQ and induced in DrelA and DrelAQ after mupirocin treatment. The opposing regulatory pattern of these genes in OG1RF and DrelQ in comparison with DrelA and DrelADrelQ is likely associated with differences in GTP/ GDP pools that serve as a substrate for (p)ppGpp synthesis and therefore undergo a sharp RelA-mediated decrease during the stringent response.
Stringent response-defective mutants show unique gene expression profiles in response to mupirocin treatment
As we previously reported (Abranches et al., 2009) , DrelA and DrelADrelQ mutants often show divergent phenotypes.
To dissect the response of each strain to starvation, we carried out transcriptional comparisons between DrelA or DrelADrelQ mutants and the parent strain following 30 min of mupirocin treatment. As expected, both relA-deficient mutants showed considerable overlap in their transcriptional profiles corresponding to an activation of genes normally repressed by the stringent response in RelA + strains (Table S1 ). However, DrelA had 315 unique differentially expressed genes, while DrelADrelQ had 228 uniquely expressed genes when each mutant was compared with the correspondingly treated parent strain (Table S4 ). The DrelADrelQ (p)ppGpp 0 mutant displayed a strong activation of three operons involved in energy metabolism, the pyruvate formate lyase complex (pflA and pflB), the citrate catabolism pathway (citC, D, E, F, M and X) and the serine dehydratase complex (sdhA-1 and sdhB-1). Moreover, 16 genes encoding the sugar phosphotransferase system (PTS) were upregulated in DrelADrelQ (Table S4 ). The DrelA single mutant showed an activation of genes responsible of the biosynthesis of both purines (purD, F and N) and, more so, pyrimidines (pyrB, C, DB, DII, F, E and R) (Table S4 ). This enhanced transcription of nucleotide synthesis genes likely stems from the altered guanine nucleotide pools, since DrelA is unable to effectively regulate (p)ppGpp : GTP ratios as it lacks (p)ppGpp hydrolytic function, associated with RelA, but still retains the synthetic capacity of RelQ.
The (p)ppGpp-independent response to mupirocin
Genes that were differentially expressed upon mupirocin treatment in all four strains were considered to be under (p)ppGpp-independent control. As previously observed in E. coli and B. subtilis (Blumenthal et al., 1976; Eymann et al., 2002) , five genes encoding aminoacyl-tRNA synthetases (aaRSs) responsible for charging the tRNA with a specific amino acid during protein synthesis were repressed in a (p)ppGpp-independent manner. The exception was the strong transcriptional activation of isoleucyl tRNA synthetase (ileS) in all strains, because mupirocin specifically inhibits charging of tRNA Ile . The repression of aaRSs genes was expected, as these genes are regulated by the T box riboswitch regulatory mechanism (Green et al., 2010) , which operates independently of (p)ppGpp (Geiger et al., 2010; Nascimento et al., 2008; Reiss et al., 2012) . Interestingly, an operon encoding four glycolytic enzymes (gap-2, pgk, tpiA and eno) was also repressed in a (p)ppGpp-independent manner.
Transport and stress-related genes are under positive (p)ppGpp control
Another hallmark of the stringent response is the induction of amino acid biosynthesis, transporters and stress survival genes (Potrykus & Cashel, 2008) . By focusing on genes that appeared to be upregulated at one or more time points after mupirocin treatment in the wild-type or DrelQ strains, but not in the DrelA and DrelADrelQ strains, we identified 123 genes that are under apparent (p)ppGpp-positive control. Near half of these genes encoded uncharacterized hypothetical proteins (n556), suggesting that a significant proportion of the genes positively controlled by (p)ppGpp remain unknown. A number of stress-related genes (n518) were positively regulated in OG1RF and/or DrelQ, including genes encoding the CtsR transcriptional repressor and its target ClpB, ClpC and ClpE ATPases, the universal/general stress proteins UspA, GlsB24 and GlsB, the ribosomal stress protein RplY, and the oxidative stress regulators Spx and PerR. Additionally, genes encoding detoxifying enzymes, including two putative lactoylglutathione lyase genes (gloA and lgl), thioredoxin (trx), catalase (katA), NADH peroxidase (npr), DNA-binding protein (dps) and methionine sulfoxide reductase (msrA and msrB) were also induced in a (p)ppGpp-dependent manner (Table 3) . Notably, independent studies have implicated the products of clpB, gls24, msrA-msrB, perR and spx in Ent. faecalis virulence (Choudhury et al., 2011; de Oliveira et al., 2011; Kajfasz et al., 2012; Verneuil et al., 2005; Zhao et al., 2010) . Although only three genes specifically involved in amino acid biosynthesis (aspartate kinase, cysteine synthase and aspartate aminotransferase) showed a (p)ppGpp-dependent positive regulation pattern, several genes encoding products involved in transport and binding processes were upregulated in OG1RF and/or DrelQ, including genes encoding subunits of ABC transporters predicted to participate in oligopeptide and amino acid uptake (Table 3) . Among the genes highly induced upon mupirocin treatment (up to 25fold induction) were two apparently co-transcribed genes, encoding a metal-transporting P-type ATPase and the MgtC family magnesium transporter (EF0758 and EF0759). Finally, a gene predicted to encode haemolysin III (hlyIII), a possible virulence factor, was also induced during (p)ppGpp accumulation.
DISCUSSION
Previous transcriptome profiling and proteomic studies of the stringent response in Gram-positive bacteria have relied on wild-type and DrelA single mutants (Brockmann-Gretza & Kalinowski, 2006; Eymann et al., 2002; Nascimento et al., 2008) , which possess residual (p)ppGpp amounts due to the presence of monofunctional (p)ppGpp synthetases (Lemos et al., 2007; Nanamiya et al., 2008) . To our knowledge, this report describes the first transcriptome analysis of a bona fide (p)ppGpp 0 strain in a Gram-positive organism. By using the DrelA and DrelADrelQ strains, which were both unable to produce (p)ppGpp upon mupirocin challenge, and DrelQ, which accumulated wild-type levels of (p)ppGpp after mupirocin treatment, we provided the first insights into the role of the Gram-positive monofunctional (p)ppGpp synthetases. In agreement with the (p)ppGpp profile of the DrelA, DrelQ and DrelADrelQ strains (Abranches et al., 2009) , our microarray results confirmed that RelA is the major enzyme responsible for the transcriptional changes associated with the stringent response, e.g. repression of genes associated with cell growth and replication, and activation of genes involved in amino acid biosynthesis, nutrient transport and stress survival. It was interesting to note that while RelQ did not contribute to the rapid accumulation of (p)ppGpp in Ent. faecalis as judged by our (p)ppGpp quantifications, comparisons of the Enterococcus faecalis (p)ppGpp transcriptome of mupirocin-treated DrelQ with the wildtype strain revealed a delayed repression of genes involved in translation, DNA replication and RNA synthesis, indicating that RelQ plays an unappreciated role in the induction of the stringent response. At present, it is not clear how RelQ contributes to a timely stringent response. One possibility is that RelQ can synthesize additional regulatory molecules, which may take part in the stringent response process.
Although the biological significance of pyrophosphorylated nucleotides other than (p)ppGpp remains unclear, few studies have showed that unusual nucleotides, other than pppGpp and ppGpp, accumulate during amino acid starvation. For example, inhibition of isoleucyl tRNA synthetase in B. subtilis leads to the accumulation of (p)ppGpp as well as pppApp and ppApp (Nishino et al., 1979) . In Staphylococcus aureus, mupirocin treatment triggers production of ppGpp and ppGp, but not of pppGpp (Crosse et al., 2000) . Finally, a recent study identified an additional catalytic activity for the monofunctional RelA enzyme of E. coli that was capable of synthesizing pGpp in vitro (Sajish et al., 2009) .
By comparing our results with previous studies with closely related low-GC Gram-positives, it can be noted that the downregulation of genes involved in translation and replication is highly conserved, closely resembling the responses observed in the bacterial paradigms E. coli and B. subtilis (Eymann et al., 2002; Kazmierczak et al., 2009; Nascimento et al., 2008; Reiss et al., 2012; Traxler et al., 2008) . A few other genes and pathways showed a conserved transcriptional response among different Gram-positive species examined, including the (p)ppGpp-independent regulation of the T box-regulated aaRSs genes, which are negatively regulated by the ratio of charged : uncharged tRNA species, and the (p)ppGpp-dependent induction of genes involved in amino acid biosynthesis, nutrient transport and stress responses. Notably, the genome of Ent. faecalis lacks most genes involved in the synthesis of branched-chain amino acids (BCAAs), which are strongly induced by (p)ppGpp in other organisms (Eymann et al., 2002; Kazmierczak et al., 2009; Nascimento et al., 2008; Reiss et al., 2012; Traxler et al., 2008) , providing a partial explanation for the small number of amino acid biosynthetic genes activated in Ent. faecalis. Among the (p)ppGppinduced genes with an established or putative role in stress responses, the increased transcription of oxidative stress genes in Ent. faecalis has also been observed in streptococci and S. aureus (Kazmierczak et al., 2009; Nascimento et al., 2008; Reiss et al., 2012) , suggesting a link between the stringent response and oxidative stress responses. In fact, a direct association between the stringent response and oxidative stress has been recently established in Gramnegative bacteria (Nguyen et al., 2011) . In this study, wildtype and (p)ppGpp 0 strains of Pseudomonas aeruginosa were used to demonstrate that the stringent response, not simply growth arrest, serves as a protective mechanism against bactericidal antibiotics that kill bacteria through a common oxidative damage mechanism (Kohanski et al., 2007) .
Mechanistically, it appears that the stringent response augments tolerance to oxidative damage by blocking the production of pro-oxidant molecules and by increasing production of antioxidant enzymes such as superoxide dismutase and catalase (Nguyen et al., 2011) .
In our previous work (Abranches et al., 2009) , we demonstrated that the DrelA and DrelADrelQ strains often display different, sometimes divergent, phenotypes (Abranches et al., 2009 ). Furthermore, the virulence of the DrelADrelQ strain, but not of DrelA, was significantly attenuated in C. elegans (Abranches et al., 2009) . Here, we expanded the characterization of the Drel strains and showed, using two models more closely resembling systemic infection in mammals, that survival within macrophages and virulence in G. mellonella were only impaired in the DrelADrelQ strain. Thus, despite the fact that both strains were unable to mount a stringent response, it appears that the complete lack of (p)ppGpp, as in DrelADrelQ, plays a fundamental role in processes associated with Ent. faecalis virulence. Notably, comparisons of the transcriptome of the DrelADrelQ and parent strains under starvation conditions revealed upregulation of operons involved in energy metabolism in the (p)ppGpp 0 strain, suggesting that low levels of (p)ppGpp may be important for balancing cell metabolism. Thus, while the DrelA and DrelADrelQ strains cannot use (p)ppGpp to sense and respond to stresses, the fitness of the DrelADrelQ may be further impaired due to an unbalanced metabolism.
Several studies have demonstrated a correlation between (p)ppGpp levels and CodY activity (Bennett et al., 2007; Geiger et al., 2010; Lemos et al., 2008; Sonenshein, 2007) . CodY is a global metabolic regulator of low-GC Grampositive bacteria that is activated by the presence of BCAAs, and in B. subtilis, also by intracellular GTP pools (Ratnayake-Lecamwasam et al., 2001) . While CodY is mostly involved in the repression of genes associated with amino acid biosynthesis and virulence (Sonenshein, 2005 (Sonenshein, , 2007 , it has also been implicated in the transcriptional activation of selected genes Shivers et al., 2006) . We used the xBASE2 bioinformatic search tool (http://www. xbase.ac.uk) and a maximum allowance of three mismatches from the CodY-binding consensus sequence (den Hengst et al., 2005) to search for CodY-binding motifs in the upstream region of genes under positive (p)ppGpp control with an established or putative role in amino acid biosynthesis, amino acid/oligopeptide transport, stress tolerance or virulence. This approach identified potential CodY-binding motifs upstream of the transcriptional start sites of ctsR-cplC, hlyIII, spx, trx, uspA and two putative amino acid/oligopeptide transporters (EF0063 and EF3015). Notably, the presence of potential CodY regulatory sequences upstream of the Spx and CtsR stress regulators integrates the stringent response and CodY with other prominent stress regulons in which (p)ppGpp accumulation may be an important step in the activation of a regulatory cascade used to optimize and integrate a sophisticated stress response network.
In summary, we showed that mupirocin provokes a classic stringent response in Ent. faecalis and that the bifunctional RelA is the major enzyme mediating this response. RelQ was found to be important for a timely activation of the stringent response, providing the first insights into the biological relevance of a monofunctional (p)ppGpp synthetase of a Gram-positive organism. Additionally, we showed that complete lack of (p)ppGpp leads to an apparent metabolic imbalance and activation of energy generation pathways during starvation. Although not experimentally confirmed, in silico analysis revealed that a subset of the genes activated by (p)ppGpp are likely members of the CodY regulon. We are currently using a combination of genetic, physiological and biochemical approaches to further dissect the role of RelQ in the stringent response and to characterize the interactions between (p)ppGpp metabolism and CodY in Ent. faecalis.
